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Weyl semimetals have been classified into type-I and type-II with respect to the geometry of their
Fermi surfaces at the Weyl points. Here, we propose a new class of Weyl semimetal, whose unique
Fermi surface contains two electron or two hole pockets touching at a multi-Weyl point, dubbed
as type-III Weyl semimetal. Based on first-principles calculations, we first show that quasi-one-
dimensional compound (TaSe4)2I is a type-III Weyl semimetal with larger chiral charges. (TaSe4)2I
can support four-fold helicoidal surface states with remarkably long Fermi arcs on the (001) surface.
Angle-resolved photoemission spectroscopy measurements are in agreement with the gapless nature
of (TaSe4)2I at room temperature and reveal its characteristic dispersion. In addition, our calcula-
tions show that external strain could induce topological phase transitions in (TaSe4)2I among the
type-III, type-II, and type-I Weyl semimetals, accompanied with the Lifshitz transitions of the Fermi
surfaces. Therefore, our work first experimentally indicates (TaSe4)2I as a type-III Weyl semimetal
and provides a promising platform to further investigate the novel physics of type-III Weyl fermions.
Introduction.–Recently, three-dimensional (3D)
Weyl/Dirac semimetals possessing discrete and finite
degenerate points, Weyl points (WPs), in the Brillouin
zone (BZ), have attracted increasing attentions [1–4].
Weyl/Dirac semimetals have been predicted in a large
number of materials [5–7] and also exhibit various novel
physical phenomena such as the chiral magnetic effect,
ultrahigh mobility, negative longitudinal magnetoresis-
tance and 3D quantum Hall effect, some of which have
been recently confirmed experimentally [4, 8, 9]. It is
known that Weyl semimetals can be characterized by the
chiral charge of the WP: single Weyl semimetals with
chiral charge χ = ±1 [10–12] and multi-Weyl (double or
triple) semimetals with larger chiral charges χ = ±2,±3
and the multi-fold Fermi arc states [13–16]. The unique
nonlinear energy dispersions of multi-Weyl semimetals
may lead to striking non-Fermi-liquid behaviors [17–19].
However, to date, only the single Weyl/Dirac semimetals
have been observed in experiments, and it remains
important to search for realistic materials for multi-Weyl
semimetals.
The Fermi surface plays a crucial rule in understanding
the fundamental physics of crystals, such as supercon-
ductivity, the charge/spin density wave [20] and anoma-
lous transport [21, 22]. According to the geometry of
the Fermi surfaces at the WPs, Weyl semimetals can
also been classified into type-I and type-II [23]. Un-
like the point-like Fermi surface of type-I Weyl semimet-
als (Fig. 1(a)), the type-II Weyl semimetals with over-
tilted Weyl cones (Fig. 1(b)) [24–28], whose Fermi sur-
face consists of touched electron-hole pockets, break the
Lorentz invariance and lead to many unusual electro-
magnetic responses [23, 29–33]. For example, magneto-
transport experiment in WTe2 shows that the tilting
of Weyl cone makes the chiral anomaly (origin of vari-
ous intriguing physical effects in Weyl semimetals), and
the resultant negative longitudinal magnetoresistance ex-
hibits strong orientation dependence and even disappear-
ance [34]. Thus, it is fundamentally important whether
there exists new Weyl semimetal whose Fermi surface is
distinctly different from the counterparts of type-I and
-II Weyl semimetals, such as, two contacted electron or
two hole pockets at the WP (Fig. 1(c)). If so, what are
the relevant chiral charge and the unique physical prop-
erties?
In this work, we first discover a new type-III Weyl
semimetal whose Fermi surface consists of two electron
or two hole pockets touching at the WPs in the quasi-one
dimensional (1D) compound (TaSe4)2I. (TaSe4)2I pos-
sesses two pairs of double WPs, thus supporting the four-
fold helicoidal surface states on (001) surface with re-
markably long Fermi arcs. Meanwhile, strains that break
C4 symmetry could trigger topological phase transitions
(TPTs) from type-III WPs to type-II and type-I ones,
accompanied with the Lifshitz transitions of the Fermi
surfaces. More importantly, our angle-resolved photoe-
mission spectroscopy (ARPES) results suggest (TaSe4)2I
is a type-III Weyl semimetal and provides the first ma-
terial realization of multi-Weyl semimetals.
Type-III Weyl fermions.–To illustrate the essential fea-
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2FIG. 1. (Color online) Schematic for three types of Weyl
semimetals. (a) and (b) show the type-I and type-II Weyl
semimetals with point-like and contacted electron and hole
pockets, respectively. (c) Fermi surface of type-III Weyl
semimetal has two contacted electron pockets (two hole pock-
ets are for the opposite quadratic tilting term).
ture of the type-III Weyl fermions, we consider a general
Hamiltonian near the WP,
Hn(k) = wzkz + w‖k2‖ + vzkzσz + (akn±σ+ + h.c.), (1)
and the corresponding eigenvalues are E±(k) = wzkz +
w‖k2‖ ±
√
v2zk
2
z + a
2k2n‖ . Here k‖ =
√
k2x + k
2
y, k± =
kx± iky, σ± = 12 (σx± iσy), σx,y,z are the Pauli matrices.
The subscript n = 1, 2, 3 denotes the single-, double- and
triple-WPs, respectively. The first two terms refer to the
linear and quadratic tilting terms, which are crucial for
the emergence of type-II and type-III Weyl fermions, re-
spectively. To be specific, the linear tilting term wzkz
(e.g. wz > 0) pulls down the band for kz < 0 and
pushes up the band for kz > 0. Once |wz| > |vz|, the
Weyl cone (Fig. 1(a)) is over tilted and the Fermi surface
changes from a point to a coexistence of electron and hole
pockets, leading to a type-II WP (Fig. 1(b)) [23]. On the
other hand, the quadratic tilting term w‖k2‖ (w‖ > 0) al-
ways pushes up energy bands for any in-plane k-path
(kz=0). It is worth noting that the quadratic tilting
term plays an important role in multi-Weyl semimetals.
Let us first focus on the double Weyl semimetals. When
w‖k2‖ dominates the energy dispersion in the kx-ky plane
(|w‖| > |a|), the Weyl cone can be over-tilted, giving rise
to a type-III WP. The resulting Fermi surface consists of
two contacted electron or two hole pockets (Fig. 1(c)).
The sign of the quadratic tilting term w‖ determines the
types of the two contacted pockets. It should be em-
phasized that the type-III WP can emerge in triple Weyl
semimetals as well.
Material realization.–(TaSe4)2I is a typical quasi-1D
compound that has been synthesized more than thirty
years ago [35]. It forms a body-centred tetragonal lat-
tice with the chiral space group I422 at room tem-
perature [36]. As shown in Figs. 2(a)-2(b), crystal of
(TaSe4)2I contains right-handed TaSe4 chains along the
c-axis with halogen atoms filling inter-chain interstitial
regions. Very recently, the charge density wave (CDW)
phase [38, 39] and possible axion physics in (TaSe4)2I
have generated a lot of interest [40, 41].
FIG. 2. (Color online) (a) Top view and side view of crystal
structure of (TaSe4)2I. (b) The high symmetry points Γ, X, P,
Z, N and the WPs W1,2,3,4 are marked in the first BZ. (c) The
electronic structure of (TaSe4)2I along a selected path. Λ1,2
and P3,4 label the irreducible representations of two crossing
bands. (d) The zoomed band structures along the P-N path
and W1-W3 path. (e)-(f) 3D plots of the energy dispersions
near WPs W1,2 in the kx-kz plane. The red and blue lines
indicate the dispersions along the kx and kz directions, re-
spectively. (g)-(h) The calculated constant energy contours
in kx-kz plane at the energy of W1,2 points, respectively. The
cyan zone stands for the electron pocket and the purple zone
for the hole pocket.
The electronic structure of (TaSe4)2I in Fig. 2(c) dis-
plays several notable features. First, we find that a band
crossing (W1) appears along the C4 invariant Γ-Z path
with linear dispersion in a broad energy range from -0.5
eV to 0.5 eV. Another band crossing emerges at the cor-
ner of the BZ (W2), which also has linear dispersion along
the P-X path. Second, two bands along the P-N path ex-
hibit weak dispersions close to the Fermi level, which is
attributed to the weak inter-chain coupling in (TaSe4)2I.
Third, the zoom region in Fig. 2(d) shows that these two
bands stemming from P point will switch their orders
and create a WP (W4) with over-tilted linear dispersion.
Similar band switching process happens near W1 point,
forming another WP at W3 in the ky = 0 plane. That is,
there exist four independent WPs marked as W1,2,3,4 in
the irreducible BZ. Combining crystal symmetries with
time reversal symmetry, we obtain two W1,2 points and
3TABLE I. Parameters of effective Hamiltonians in Eq. (2)
and Eq. (3) for the double WPs W1 and W2, respectively. ai,
bi, ci, di are fitting parameters that are determined by the
first-principles calculations [44].
WP χ HDW ωt
W1 −2
ω
(1)
x = a(k
2
x − k2y) + a1kxky
ω
(1)
y = b(k
2
x − k2y) + b1kxky
ω
(1)
z = c1kz + c2(k
2
x + k
2
y)
ω
(1)
t = d1kz + d2(k
2
x + k
2
y)
W2 2
ω
(2)
x = a1kz + a2kxky
ω
(2)
y = b1kz + b2kxky
ω
(2)
z = c1(k
2
x − k2y)
ω
(2)
t = d1(k
2
x + k
2
y)
eight W3,4 points in total in the first BZ.
Figs. 2(e)-2(f) show that the WPs W1 and W2 have
unusual quadratic dispersion along the kx path and lin-
ear dispersion along the kz path, indicating larger chi-
ral charges. To verify this point, we calculate their chi-
ral charge and find χ=-2(2) for W1(W2), χ=1(-1) for
W3(W4), respectively. Moreover, the quadratic tilting
terms make the valence band over-titled along the kx
direction for W1 and the conduction band over-titled
around the kx direction for W2, leading to unique Fermi
surfaces. As shown in Figs. 2(g)-2(h), the resulting Fermi
surface near W1 (W2) contains two contacted hole (elec-
tron) pockets. This is the remarkable signature of the
aforementioned type-III Weyl fermions.
Effective k · p Models.–To gain more insights into Weyl
fermions in (TaSe4)2I, we would like to build the effective
k · p model based on symmetry analysis. Along the Γ-Z
path, the corresponding little group is C4 group. Two
bands that cross the Fermi level host two distinctive 1D
irreducible representations, Λ1 and Λ2 [42], the corre-
sponding eigenvalues of C4 are ±1. It implies that a
double WP (W1) can appear once band inversion hap-
pens [14], as shown in Fig. 2(c).
The P point at the corner of BZ has the little group
of D2, which possesses four non-equivalent 1D represen-
tations that do not guarantee two-fold degeneracy. In
reality, the P point is invariant under a joint operation
of four-fold rotation and time reversal operation (C4T ).
According to Herring rules [43], two bands around the
Fermi level with representations P3 and P4 can stick to-
gether, forming a WP at the high symmetry point. By
further taking into account the constraints from other
crystal symmetries, the energy dispersion of WP at P
(W2) point is quadratic in the kx-ky plane, forming a dou-
ble WP. Finally, we obtain the effective k · p Hamiltonian
of double WPs, W1 and W2 as follows (see Supplemental
Material [44]),
H
(i)
III = H
(i)
DW + w
(i)
t , (2)
where H
(i)
DW describes a type-I double Weyl fermion that
has the form
H
(i)
DW = w
(i)
x σx + w
(i)
y σy + w
(i)
z σz, (3)
and w
(i)
t is the tilting term. i = 1, 2 refers to Wi. The
explicit expressions w
(i)
x,y,z and w
(i)
t are given in Table-I.
One can see that the w
(1)
t includes two parts: the linear
and quadratic tilting terms. Based on our theoretical cal-
culations, the linear term along the kz direction is tiny
but the quadratic term along the kx or ky direction is
dominating. The w
(2)
t only contains the quadratic term
due to the symmetry constraints. It has been pointed out
that the over-tilted linear term can induce type-II Weyl
semimetals with touching electron-hole pockets, while the
over-tilted quadratic term plays a key role in forming
type-III Weyl semimetals. Specifically, w
(1)
t pushes the
valence band around W1 upward along the kx or ky path.
When |d2| >
√
a2 + b2 + c22, we obtain a type-III WP
with two contacted hole pockets (Fig. 2(g)). Similarly,
w
(2)
t pulls the conduction band around W2 downward
along the kx or ky path when |d1| > |c1| and gives birth to
another type-III Weyl fermion with two contacted elec-
tron pockets (Fig. 2(f)). These coefficients of k · p Hamil-
tonian obtained from fitting with our calculations confirm
these analysis (see Supplemental Material [44]).
ARPES experiment and helicoidal surface state.–Fig. 3
shows the ARPES measurement of electronic structure
of (TaSe4)2I at 285 K. The single crystal is with in-situ
reproducibly cleaved to expose (110) surface due to its
quasi-1D nature (The details for synthesis of crystal of
FIG. 3. (Color online) ARPES spectra of (TaSe4)2I on (110)
surface and schematics. The k‖ (k⊥) denotes the wave vector
along the direction parallel (perpendicular) to the direction
of TaSe4 chain. (a) The constant energy contour map is mea-
sured at Fermi level. The red dashed rectangle indicates the
surface BZ. (b) An schematic illustration of the bulk and sur-
face BZ of conventional cell of (TaSe4)2I. Three cuts (1, 2, 3)
marked by black dashed lines pass through W1 or W2. (c)-
(e) ARPES spectra measured along cuts (1, 2, 3) at photon
energy of 21.2 eV, in comparison with the calculated band
structures (red dashed lines).
4FIG. 4. (Color online) Calculated electronic structures on
(001) surface. (a) Four-fold helicoidal surface arcs at Fermi
level. (b) Perspective plot of the dispersion of chiral edge
modes from (c) and (d), respectively. The winding of the
chiral modes around W1 as a function of energy suggests that
the Fermi arcs have a four-fold helicoid structure. (c)-(d)
Surface LDOS along the loop C1 and C2 in (a), respectively.
(TaSe4)2I and ARPES measurement can be found in Sup-
plemental Material [44]). The stripe-like Fermi surface in
Fig. 3(a) indicates a strong nesting, which contributes to
the CDW transition below 263 K [37–39]. The ARPES
spectra along cuts (1, 2, 3), marked as black dashed lines
in Fig. 3(a), are presented in Figs. 3(c)-3(e), respectively.
A V-shaped dispersion in cut1 in Fig. 3(c) indicates a
linearly dispersing band structure near W1. In addition,
we find the dispersions along cut2 and cut3 exhibit a
quadratic characteristic in the vicinity of W2 and W1, re-
spectively. The dashed red lines in Figs. 3(c)-3(e) are the
calculated band structures along certain direction, and
the measured ARPES spectra show good agreement with
our calculations, supporting that (TaSe4)2I is a type-III
Weyl semimetal at room temperature.
Interestingly, our calculations reveal more exotic fea-
tures of the Fermi arc surface states on (001) plane. As
shown in Fig. 4(a), two type-III double WPs (W2) above
the Fermi energy are projected into the corner (W 2) of
the surface BZ, forming a hole pocket with χ = 4, while
the other type-III double WPs (W1) below the Fermi en-
ergy are projected into the center (W 1) of surface BZ,
forming an electron pocket with χ = −4. Meanwhile,
four pairs of type-I single WPs (W3) related by C4 ro-
tation are projected into four W 3 (χ = 2) surround-
ing the W 1 point. Similarly, four pairs of type-II single
WPs (W4) are projected into four W 4 surrounding W 2
point, forming four hole pockets with χ = −2. So the
four hole pockets of W 4 merge together with the hole
FIG. 5. (Color online) The strain tuned TPTs in (TaSe4)2I
among type-III, type-II and type-I Weyl semimetals. (a) The
energy dispersion along the kx direction near W2 (red cut
of the 3D energy dispersion in Fig. 2(f)). (b) The energy
dispersion around type-II WP under uniaxial strain (0.1%)
along the (100) direction. (c) The energy dispersion around
type-I WP under nonuniform biaxial strain.
pocket of W 2, forming a larger square-like hole pocket
with χ = −4. One can see that four branches of Fermi
arcs stem from W 1, pass through W 3, connect to W 4
and finally merge into W 2. Those remarkably long Fermi
arcs that connect the W 1 and W 2 demonstrate a four-
fold helicoidal nature [45–47]. To visualize the helicoid
surface states, we calculate the surface local density of
states (LDOS) along two clockwise loops (C1,2) centered
at W 1, as shown in Figs. 4(b) and 4(c). For the loop
C1, the four right-moving chiral edge modes appear in-
sides the band gap in line with the chirality of W 1. Since
the loop C2 encompass both W 3 and W 1, the four edge
modes instead have opposite chirality. The four-fold
right-handed and left-handed spiral surface state along
the loop C1 and C2 are schematically demonstrated in
Fig. 4(d). Note that since the naturally cleaved surface
of (TaSe4)2I is the (110) surface, the such novel topo-
logical surface states that exist on the (001) surface are
therefore absent from our ARPES measurements. In-
stead, the signature of topological surface state could be
accessible to transport measurement of micro-fabricated
nano-scaled samples [48].
Strain induced TPTs.–We stress that a pair of double
WPs with χ = 2 locate at the corner of BZ P and −P ,
whereas the other pair with χ = −2 locates on the C4
invariant axis thus can move along the Γ-Z path. Thus,
there is no loop available for annihilation of the two WPs
with opposite chirality as long as the crystal symmetry is
preserved. It implies that these type-III double WPs in
(TaSe4)2I exhibit remarkable robustness against external
perturbations that respect crystal symmetries.
Strains have proven to be a clear and effective way to
tune the electronic structure and the relevant physical
properties. We now investigate the impacts of strains
that break crystal symmetries on the TPTs in (TaSe4)2I.
Since the type-III double WPs are protected by C4 or
C4T , applying a symmetry-breaking uniaxial strain along
(100)/(010) direction could split a type-III double WP
into two type-II WPs, accompanied with Lifshitz transi-
5tion of the Fermi surface as shown in Figs. 5(a)-5(b). We
also estimate that about 0.1% compressive strain along a
axis could induce such TPT. Furthermore, imposing an
extra biaxial in-plane strain, the type-II single WP will
further transform into type-I single WP along with a sec-
ond Lifshitz transition of the Fermi surface, as shown in
Fig. 5(c). Therefore, these three types of Weyl fermions
can be mutually transformed through strain engineer-
ing in (TaSe4)2I, which provides a tunable platform for
studying exotic properties of various Weyl semimetals.
In experiments, these TPTs can be induced via proper
external pressure and the relevant Lifshitz transitions of
Fermi surface as well as the corresponding surface states
offer a measurable signal that can be probed by mag-
netic oscillation experiments [49], ARPES [50, 51] and
magneto-transport [52–57].
In summary, we propose the new type-III Weyl
semimetal whose Fermi surface that consists of two
touched electron or hole pockets and first provide ex-
perimental evidence of such novel fermion in (TaSe4)2I
by means of first principle calculations and ARPES ex-
periments. Two pairs of type-III Weyl points emerge due
to the over-tilted quadratic terms and are protected by
C4 and C4T symmetries, respectively. We find that the
strains that break C4 symmetry trigger the TPTs from
type-III to type-II, and to type-I WPs along with Lifshitz
transitions of the Fermi surface. In addition, a four-fold
helicoidal surface state is predicted on (001) surface with
remarkably long Fermi arcs. Therefore, our work reports
the first material realization of multi-Weyl semimetal and
also provides a promising platform to further study the
novel physics of type-III Weyl semimetals.
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